disease when survival benefits are possible. Because of this trend toward more intensive treatment of patients with cancer, proactive steps should be taken to minimize the risk for myelosuppression and its complications while optimizing the relative dose intensity. (JNCCN 2006;4:649-658) Lung, breast, and colorectal cancers are the major causes of cancer-related death in the United States. They are the top 3 causes of cancer death in women and 2 of the top 3 in men.
Lung, breast, and colorectal cancers are the major causes of cancer-related death in the United States. They are the top 3 causes of cancer death in women and 2 of the top 3 in men. 1 An estimated 258,210 Americans died from these cancers in 2005, accounting for more than 700 deaths per day. 1 The mortality rates in each of these tumor types, however, have declined significantly in the past 15 years. 2 Most patients diagnosed with localized breast or colorectal cancer are still alive at 5 years (98% and 90%, respectively), but the 5-year survival rates are lower in disease with distant metastases (26% and 10%, respectively). 2 Only 16% of lung cancers are detected at an early stage, when the 5-year survival rate is 49%. 2 Because most patients present with advanced or nonsmall cell lung cancer (NSCLC), for which effective treatment is lacking, 3, 4 1-year survival rates are more commonly reported in lung cancer. Similar to those of breast and colorectal cancers, however, 1-year survival rates for all lung cancer histologies combined increased from 37% in 1975 to 42% in 1998. 2 This increase in survival rates for these patients may have occurred for many reasons. In breast and colorectal cancers, the increase may be attributed partially to the greater detection of early-stage disease. The appropriate use of mammography and colorectal cancer screening tests (such as fecal occult blood tests) has enabled early detection and removal of small tumors, potentially preventing progression to invasive disease. Conversely, the limited success in increasing survival of patients with lung cancer may be attributed to the absence of sensitive tests for early detection.
Advances in treatment options have also contributed to the greater survival in patients with lung, breast, and colorectal cancers. 2 Various treatment options are available depending on the type and stage of the disease; however, chemotherapy remains the cornerstone of treatment for each tumor type. More effective combinations of agents and dosing schedules for early-and advanced-stage disease may also contribute to higher survival rates.
Maintaining chemotherapy dose intensity is crucial for greater survival in the curative setting in chemosensitive cancers such as early-stage breast cancer, [5] [6] [7] [8] and for optimal treatment outcomes in the noncurative setting in patients with metastatic breast cancer, 9 metastatic colorectal cancer, 10, 11 and small cell lung cancer. 12 However, chemotherapy dose attenuations are common in community oncology practice. For example, in 2 recent nationwide surveys of patients treated with potentially curative chemotherapy for early-stage breast cancer (N = 20,799) 13 and non-Hodgkin's lymphoma (N = 4522), 14 approximately half were treated with a relative dose intensity (RDI) less than 85% of the reference standard dose. In both surveys, more than half of the overall reduction in average RDI was unplanned and was associated with dose reductions and treatment delays.
The primary cause of unplanned dose reductions or treatment delays is myelosuppression, specifically grades 3 and 4 neutropenia (neutrophil count < 1 × 10 9 /L), anemia (hemoglobin < 8 g/dL), and thrombocytopenia (platelet count < 50 × 10 9 /L). [15] [16] [17] [18] [19] [20] [21] Managing myelosuppression is therefore crucial to maintaining RDI.
To explore the evolution of chemotherapy and advances in the standard of care for lung, breast, and colorectal cancers in the past decade, changes in the preferred regimens were evaluated and the hematologic toxicity of those regimens was reported. Ongoing clinical trials of chemotherapy regimens in these tumor types were also reviewed for an indication of future treatment directions. This report is limited to changes in chemotherapy and does not consider other treatment modalities, such as surgery, radiotherapy, and targeted therapies.
Methods and Data Reviewed
To determine how the treatment of lung, breast, and colorectal cancers has changed, the National Comprehensive Cancer Network (NCCN To determine the myelosuppressive potential of agents included in the guidelines, the data from clinical trials in the prescribing information for those agents were reviewed. 
Highly Myelosuppressive Modern Chemotherapy Regimens
Many agents listed as preferred in the NCCN guidelines are myelosuppressive, such as the taxanes, which have been approved for treating advanced-stage lung cancer 3, 12 and most stages of breast cancer. 27, 28 The incidence of grade 3 or 4 neutropenia with docetaxel monotherapy was 65% in previously treated patients with metastatic or recurrent lung cancer and 86% in those with metastatic or recurrent breast cancer. 37 The incidences of grade 4 neutropenia in patients with metastatic recurrent breast cancer treated with 2 different doses of paclitaxel monotherapy were 19% and 28% 35 ( Table 1) . Paclitaxel and docetaxel, along with gemcitabine and vinorelbine, are components of firstline platinum-based therapy in metastatic or recurrent NSCLC. 3, 12 When they were combined with cisplatin in this setting, the incidence of grade 3 or 4 neutropenia was 75% with paclitaxel (grade 4 only), 35 74% with docetaxel, 37 57% with gemcitabine, 38 and 72% to 82% with vinorelbine. 36 Approximately 25% of patients treated with the gemcitabine-and vinorelbine-platinum regimens experienced grade 3 or 4 anemia 36,38 ( Table 1 ). Regimens that combine fluorouracil and leucovorin with the newer agents irinotecan (FOLFIRI) and oxaliplatin (FOLFOX) are used for adjuvant and firstand second-line salvage treatment of metastatic or recurrent colorectal cancer. The rate of grade 3 or 4 neutropenia in previously untreated patients with advanced disease was 53% with FOLFOX and 54% with FOLFIRI (Table 1) .
Chemotherapy Recommended in More Disease Stages
The current trend is toward treating cancer with myelosuppressive chemotherapy earlier in the course of the disease. New agents and regimens that first emerged as standard care in metastatic or recurrent disease are now approved for early-stage disease in the adjuvant and neoadjuvant settings.
Adjuvant chemotherapy for NSCLC was not standard treatment even 5 years ago, but platinum-based regimens that have been used in patients with metastatic or recurrent disease for more than a decade are now recommended in most patients with resectable NSCLC. These changes are based on data from the prospective trial of the International Adjuvant Lung Cancer Trial Collaborative Group, involving 1867 patients with stage I to III disease, that showed slightly (4 to 5 percentage points) but significantly greater survival with adjuvant chemotherapy than with surgery alone. 44 Additional support for adjuvant chemotherapy versus surgery for NSCLC comes from 2 large prospective studies in patients with stage I or II disease, in which overall survival at 4 years was 12 percentage points higher with platinum-based chemotherapy after surgery in one trial and 15 percentage points higher at 5 years in the other. 45, 46 The advantages of adjuvant chemotherapy for breast cancer over mastectomy alone are well established. 47 The standard of care has evolved from cyclophosphamide, methotrexate, and fluorouracil (CMF) to anthracycline-based regimens to more-intensive dose-dense or taxane-based regimens such as docetaxel, doxorubicin, and cyclophosphamide (TAC). The TAC regimen, which was associated with better outcomes but higher rates of febrile neutropenia (FN) than FAC (TAC with fluorouracil instead of docetaxel) in the metastatic setting, 48 has become a preferred regimen for adjuvant chemotherapy in stage III and node-positive stage II disease. 49 Compressed administration schedules recommended in nodepositive early-stage breast cancer with doxorubicin, cyclophosphamide, and sequential paclitaxel, given in 14-day treatment cycles with granulocyte colonystimulating factor (G-CSF), are also more myelosuppressive. 50 The FOLFOX regimen, once preferred only in the metastatic setting, is now recommended for adjuvant therapy in stage III colon cancer and stage II or III rectal cancer. 51 Data from the European MO-SAIC (Multicenter International Study of Oxaliplatin/ 5-Fluorouracil/Leucovorin in the Adjuvant Treatment of Colon Cancer) trial showed that 3-year diseasefree survival was significantly higher with the addition of oxaliplatin to the fluorouracil-leucovorin regimen (FOLFOX4) (77.8% vs. 72.9%; P = .002) in patients with resected stage II or III colon cancer. 51 The value of adjuvant therapy in stage III colon cancer is clear, but its role in stage II colon cancer is less certain, partly because of contradictory findings in 2 large studies. 52, 53 Investigators at the Mayo Clinic recently performed a meta-analysis of data on 3302 patients in 7 randomized trials and concluded that patients with stage II disease could benefit from adjuvant therapy, but to a lesser degree than patients with stage III disease. 54 These findings were confirmed by the results of the QUASAR (The Quick And Simple And Reliable) study in 3239 patients with colorectal cancer, 92% of whom had stage II disease. 55 After 5 years, adjuvant chemotherapy with 5-fluorouracil and folinic acid with or without levamisole was associated with a 22% reduction in the risk for recurrence (P = .001) and a 17% reduction in the risk for death (P = .02) compared with observation alone. Thus adjuvant chemotherapy showed a small but definite survival advantage with chemotherapy in stage II colon cancer.
Neoadjuvant chemotherapy is now recommended in many more treatment settings than before. Neoadjuvant chemotherapy with concurrent radiotherapy is recommended in an increasing number of tumor stages and classifications of NSCLC. Although still considered optional for breast cancer, as in the adjuvant setting, the preferred regimens are now more myelosuppressive than earlier regimens. Neoadjuvant chemotherapy was considered optional in rectal cancer 5 years ago, but is now recommended in all lymph node-positive disease and node-negative T3 or T4 disease.
Improvement in Long-Term Clinical Outcomes With Myelosuppressive Regimens
The regimens with the best long-term outcomes are also highly myelosuppressive. Historically, the role of chemotherapy in advanced NSCLC was only palliative; it was prescribed primarily to lessen symptoms and improve quality of life. 56 A decade ago, metaanalyses showed only slightly greater survival with cisplatin-based chemotherapy than with supportive care, [57] [58] [59] and the 1-year survival rates typically ranged from 10% to 25%. 56, [60] [61] [62] [63] [64] Newer chemotherapy regimens (e.g., taxane combinations, gemcitabine, vinorelbine, irinotecan, topotecan with platinum compounds) are highly myelosuppressive but routinely produce median survival rates of 8 to 10 months and 1-year survival rates of 30% to 40% in metastatic NSCLC. 65 Furthermore, in recent trials in which survival was greater with adjuvant chemotherapy than with surgery alone in NSCLC, grade 4 neutropenia was common, with reported rates of 17.5% 44 and 25%. 45 Similar trends have been seen in breast cancer. The overall response rate in metastatic breast cancer was significantly higher with first-line TAC than with FAC (55% vs. 44%; P = .02), but grade 3 or 4 neutropenia (94% vs. 81%) and FN (29% vs. 5%) were also more common. 48 In the adjuvant setting, the 5-year disease-free survival rate was significantly higher with TAC than with FAC (75% vs. 68%; P = .001), as was the 5-year overall survival rate (87% vs. 81%; P = .008), but the incidences of FN (24% vs. 2%) and grade 3 or 4 infection (3% vs. 1%) were also higher. 49 Also in the adjuvant setting, the 3-year disease-free survival (85% vs. 81%; P = .01) and overall survival rates (92% vs. 90%; P = .01) were higher with 14-day than with 21-day cycles of doxorubicin, cyclophosphamide, and paclitaxel. However, because the 14-day regimens are not feasible without G-CSF support, its use with those regimens was required in the study protocol. 50 The addition of oxaliplatin to fluorouracil-leucovorin in patients with previously untreated advanced colorectal cancer was associated with longer diseasefree survival (median, 9.0 vs. 6.2 months; P < .001) and a higher response rate (50.7% vs. 22.3%; P = .001). The higher rate of grade 3 or 4 neutropenia (41.7% vs. 5.3%) was not associated with a decrease in quality of life. 66 Similarly, in the adjuvant setting in patients with resected stage II or III colon cancer, the 3-year disease-free survival rate was higher with FOLFOX4 than with fluorouracil-leucovorin (78% vs. 73%; P = .002), but the rate of grade 3 or 4 neutropenia was significantly greater (41% vs. 5%; P < .001).
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Hematopoietic Support for Myelosuppressive Regimens
Increased myelosuppression with new combinations of agents creates a greater need for supportive care. Phase III studies have shown that chemotherapy-induced neutropenia [67] [68] [69] [70] and anemia [71] [72] [73] can be prevented or managed with growth factors. G-CSF is typically required in the first chemotherapy cycle to manage myelosuppression that would otherwise be dose-limiting. Using G-CSF in response to an episode of FN is not appropriate, because almost three quarters of all episodes of severe neutropenia, and more than half of all episodes of FN, occur in the first cycle of chemotherapy. 74, 75 National practice guidelines recommend that patients at high risk for neutropenia and its complications, including those aged 65 years or older, be given G-CSF in all cycles of myelosuppressive chemotherapy.
17,76
As a result of findings in clinical trials, G-CSF has become an integral component of modern chemotherapy regimens. For example, after the success of TAC in node-positive breast cancer, 49 Martin et al. 77 conducted a trial of TAC in node-negative breast cancer. After 224 patients had been enrolled, the protocol was amended to mandate G-CSF in the TAC arm but not the FAC arm. The incidence of FN in patients in the TAC arm was reduced from 23.8% before the protocol amendment to only 3.5% after the amendment-a rate closer to that in the FAC arm (1.3%).
In dose-dense (14-day) adjuvant therapy for earlystage breast cancer, neutrophil counts cannot recover sufficiently without G-CSF support to allow the delivery of the next cycle of chemotherapy on schedule. 50, 78 Consequently, G-CSF is required for this chemotherapy regimen to be feasible. 50, 78 In one study, dose reductions and treatment delays were less frequent in the dose-dense arms (14-day) compared with the control arms (21-day), with hematologic toxicity causing 38% of the cycle delays in the 21-day regimens but only 15% of the delays in the 14-day regimens (P < .001). 50 The dose-dense arms of these trials were also associated with a higher rate of anemia. Red blood cell transfusions were required in 13% of the patients in the dose-dense arms, possibly because of grade 2 anemia. 50 However, the transfusion rate was 0% with the same 14-day regimen when darbepoetin alfa was initiated because hemoglobin levels fell below 12 g/dL. 79 Maintenance of standard chemotherapy dose intensity is associated with optimal disease-free and overall survival in early-stage breast cancer. [5] [6] [7] [8] Therefore, appropriate supportive care may be particularly important to ensure that full-dose chemotherapy is delivered on schedule in the adjuvant and neoadjuvant settings, in which chemotherapy is used with curative intent. Using less myelosuppressive regimens (e.g., weekly schedules or dose reductions) may be acceptable in palliative settings.
The potential effect of dose intensity on the treatment outcomes in adjuvant therapy for NSCLC and colorectal cancer has received little attention. In 2 recent trials of adjuvant therapy for NSCLC that did not include prophylactic G-CSF, dose delays or reductions occurred in all patients treated with cisplatin plus vinorelbine (with 74% of the reductions caused by neutropenia), 46 and the full dose of cisplatin plus paclitaxel for 4 cycles was delivered in only 55% of patients. 45 In patients with colorectal cancer (in which grade 3 or 4 neutropenia and thrombocytopenia were managed by dose reductions or delays) enrolled in the MOSAIC trial, 80.5% of the planned oxaliplatin dose and 84.4% of the planned fluorouracil dose were given across all cycles in the FOLFOX4 arm and 97.7% of the planned fluorouracil dose was given in the fluorouracil-leucovorin arm. 51 Further data are required to determine whether closer adherence to the planned dose and schedule is important for optimal treatment outcomes in the adjuvant setting in NSCLC and colorectal cancer.
Evaluating the need for erythropoietin support in patients with lung cancer whose hemoglobin levels are less than 11 g/dL may be particularly important. 80 Pretreatment anemia is prevalent in patients with lung cancer, is multifactorial in origin, and is caused by factors such as impaired iron utilization, poor nutritional status, hypoplasia of the bone marrow, and inappropriate levels of erythropoietin. 81 Underlying pulmonary disease may also contribute to the greater functional disability caused by anemia in patients with lung cancer. 19 In older patients who are treated with myelosuppressive chemotherapy, anemia-related fatigue may precipitate functional dependence. 82 Retrospective studies have shown that, among patients with solid tumors, blood transfusions for anemia are most common in those with lung cancer. 83, 84 In addition to the myelosuppressive potential of the preferred agents used in lung cancer, cisplatin is also associated with damage to the renal tubules, which adversely affects the production of erythropoietin. 85 Because anemia is associated with a poor prognosis for survival and positive treatment outcomes in lung cancer, 20 its management should be an essential component of lung cancer treatment. 81 In 1991, Dische 86 found that 23 of 25 studies reported an adverse influence of anemia on the outcomes in patients with various tumors treated with radiotherapy. More recent studies show that anemia before or during radiotherapy is associated with poor locoregional control and lower survival rates in patients with advanced head and neck cancer, carcinoma of the cervix, or ovarian cancer. [87] [88] [89] [90] Therefore, correction of anemia may be important when radiotherapy is used concurrently with or after chemotherapy.
Ongoing Clinical Trials in Lung, Breast, and Colorectal Cancers
Myelosuppressive drugs are a component of many regimens now in clinical trials, indicating a continuing role in systemic therapy for lung, breast, and colorectal cancers. 91 Taxane-based regimens, for example, are used in 8 of 10 active NCI-sponsored trials in breast cancer and are being studied in the neoadjuvant, adjuvant, and metastatic settings. Furthermore, taxanes in combination with gemcitabine and carboplatin are being evaluated as first-line therapy for advanced NSCLC in 2 active NCI-sponsored trials (ALPHA-A1-99002L and CWRU-LILY-1503).
Myelosuppressive chemotherapy agents and regimens are also being evaluated in combination with other anticancer agents, including new biologic agents. For example, studies are evaluating FOLFOX and FOLFIRI with or without cetuximab in resectable colon cancer (NCCTG-N0147) and metastatic colorectal cancer (CALGB-80203). FOLFOX is also being evaluated in combination with PTK787/ZK 222584 (an investigational angiogenesis inhibitor) in metastatic colorectal cancer (UCLA-0304011).
Numerous ongoing trials are focusing on determining the optimal dosing schedules of additional myelosuppressive regimens, especially in early-stage breast cancer in which dose intensity may affect survival. The investigational schedules in operable breast cancer include dose-dense (14-day) cycles of adjuvant doxorubicin plus cyclophosphamide followed by paclitaxel, with or without gemcitabine, with hematopoietic support (SWOG-S0221, NSASP-B-38).
Additional studies are exploring adjuvant or neoadjuvant therapy with currently preferred agents earlier in the course of the disease and in patients with a poor performance status. For example, capecitabine, a preferred agent for stage IV colorectal and breast cancers, is being tested as adjuvant therapy in colon cancer (UCLA-0310023), neoadjuvant therapy in rectal cancer (NSABP-R-04, ECOG-E3201), and adjuvant therapy in breast cancer in older women (CALGB-49907). The combination of docetaxel and infliximab is being studied in patients with advanced NSCLC who have a poor performance status (for whom best supportive care is currently recommended) and in elderly patients (NCCTG-N01C9).
Conclusions
Although advances in chemotherapy regimens have increased survival in patients with lung, breast, and colorectal cancers, they are also associated with substantial increases in myelosuppression. The chemotherapy regimens recommended in the NCCN guidelines for these cancers are associated with a high incidence and severity of neutropenia and anemia. Furthermore, results of clinical trials have led experts to recommend the use of adjuvant or neoadjuvant therapy with myelosuppressive agents in more disease stages than before. Ongoing trials suggest that myelosuppressive drugs will continue to have a role in cancer treatment. Because myelosuppression frequently results in reduced chemotherapy dose intensity that can have a substantial negative impact on survival, supportive care must be provided with chemotherapy. As oncologists increase their use of these more intensive treatments, they should consider appropriate hematopoietic support to manage myelosuppression and help ensure the delivery of full-dose chemotherapy on schedule.
